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Abstract Grass lignocelluloses, such as those in corn and
switchgrass, are a major resource in the emerging cellulose-
to-ethanol strategy for biofuels. The potential bioconver-
sion of carbohydrates in this potential resource, however, is
limited by the associated aromatic constituents within the
grass fiber. These aromatics include both lignins, which are
phenylpropanoid units of various types, and low-molecular
weight phenolic acids. Structural and chemical studies over
the years have identified the location and limitation to fiber
degradation imposed by a variety of these aromatic barriers.
For example, coniferyl lignin appears to be the most effec-
tive limitation to biodegradation, existing in xylem cells of
vascular tissues. On the other hand, cell walls with syringyl
lignin, e.g., leaf sclerenchyma, are often less recalcitrant.
Ferulic and p-coumaric acids that are esterified to hemicel-
lulosic sugars constitute a major limitation to biodegrada-
tion in non-lignified cell walls in grass fibers, especially
warm season species. Non-chemical methods to improve
bioconversion of the lignocelluloses through modification
of aromatics include: (1) use of lignin-degrading white rot
fungi, (2) pretreatment with phenolic acid esterases, and (3)
plant breeding to modify cell wall aromatics. In addition
to increased availability of carbohydrates for fermenta-
tion, separation and collection of aromatics could provide
value-added co-products to improve the economics of
bioconversion.
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Introduction

Currently, production of fuel ethanol depends almost
entirely on corn grain. This industry, as well as the use of
fuel ethanol itself, is rapidly expanding and beginning to
increase prices of corn for feed and the downstream animal
products. Cellulose as a substrate for ethanol has been of
interest for several years, but recent events have called for
a priority of research to commercialize the cellulose-to-eth-
anol biorefinery. Cost of lignocellulosic materials is lower
than corn grain but processing for fermentation is more
costly. The sugars in lignocellulose, which exist mostly as
the polysaccharides cellulose and hemicellulose, are not
readily available. Lignin and other aromatics covalently
link with, and at times physically mask, plant carbohy-
drates, thus protecting these potential substrates from deg-
radation [8, 18, 40]. Pretreatment is required to free the
carbohydrates from aromatics for bioconversion to ethanol
[51]. Most often, the suggested pretreatment is chemical.

A considerable body of knowledge is available from the
animal nutrition discipline on barriers to bioconversion in
plant fiber, and the same limiting factors exist for bioenergy
concerns [8, 59]. Lignin, which is a complex of phenyl-
propanoid groups, is a common constituent of plant cell
walls. Wood and dicotyledons have rigid, non-degradable
lignified cell walls. Although lower than wood, grasses also
have lignified cell walls, but their cell walls are also rich in
low molecular weight phenolic acids ester-linked to arabi-
nose [30, 40]. These low-molecular weight phenolic acids
can form dimers and also form ether linkages to other aro-
matic constituents, thus posing a formidable barrier to bio-
conversion. Warm-season grasses, which include potential
bioenergy crops such as corn stover, sugarcane (bagasse),
bermudagrass, and switchgrass, are especially high in phe-
nolic acid esters [4].
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The objectives of this paper are to (1) review the struc-
tural/chemical barriers to bioconversion in grasses, espe-
cially warm-season grasses, (2) discuss environmentally
friendly (non-chemical) strategies to reduce recalcitrance of
grass lignocelluloses, and (3) identify potential co-products
from the aromatic constituents of lignocellulose.

Structural and chemical factors influencing
recalcitrance in grass lignocellulose

Biodegradation of specific tissue types

Response of plant substrates to strongly fibrolytic micro-
organisms within the cattle rumen shows differences in cell
wall recalcitrance of various substrates and the influence of
particular aromatic compounds. Figure 1 gives an example
of the response to microbial degradation of different cell

types in bermudagrass leaf blades and stems. Tissues stain-
ing for lignin with acid phloroglucinol (AP) have the most
recalcitrant cell walls (Table 1). Other cell walls, i.e., epi-
dermis and parenchyma bundle sheath (pbs) of leaf blades,
are only partially degraded. Still other cell types, such as
the thin-walled mesophyll cells between vascular bundles
in leaves and immature stem parenchyma, are quickly and
totally degraded.

Histochemical stains identify the location of particular
lignin types within different cell walls that vary in degrada-
tion. A listing of several stains used to characterize cell
types, the compound stained, and examples of cell walls
that stain positive for these reactions are given in Table 1.
Tissues that give a reaction with AP, as previously men-
tioned for the vascular bundles, have been shown to be the
most recalcitrant in plants, including the grasses. Sarkanen
and Ludwig [53] reported that AP “had universal applica-
tion to all lignins, although the reaction may be weak or

Fig. 1 a Light micrograph of cross section of untreated Coastal ber-
mudagrass and identification of cell types: E epidermis, S scleren-
chyma, ME mesophyll, P parenchyma bundle sheath, MS mestome
sheath, and PH phloem. b Scanning electron micrograph showing dis-
position of cell types after incubation with rumen micro-organisms.
Mesophyll and phloem are totally degraded, the epidermis and paren-
chyma bundle sheaths are partially degraded, and the sclerenchyma

and mestome sheath are undegraded. ¢ Scanning electron micrograph
of immature stem after degradation showing the loss of parenchyma
cells but residue of heavily lignified epidermis, sclerenchyma ring, and
vascular tissues. d Scanning electron micrograph of more mature stem
after degradation showing residue of parenchyma cells along with
heavily lignified epidermis, sclerenchyma ring, and vascular tissues

Table 1 Histochemical stains

for determining cell wall compo- Stain Compound Examples Reference
nents in plant material Acid phloroglucinol Lignin (coniferyl) Xylem cells [53]
Chlorine-sulfite Lignin (syringyl) Leaf sclerenchyma [53]
Diazotized Phenolic constituents Leaf parenchyma bundle [7,39]
sulfanilic acid sheath (warm-season grasses)
Congo red Cellulose Non-lignified cell walls [33]
Ruthenium red Pectins Middle lamellae [33]
Oil red Wax Cuticle of epidermis [16]
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absent in lignins containing high amounts of syringyl pro-
pane units.” The deep red to purple color reaction indicates
a strong contribution to the cell walls by coniferyl (mono-
methoxylated) units of lignin. Leaf blade sclerenchyma,
which is also poorly degraded, stains positive with chlorine
water followed by sulfite (CS+) and indicates lignin rich in
syringyl (dimethoxylated) units [53]. At times, CS+ tissues
are partially degraded and are more susceptible to some
chemical treatments, e.g., alkali, than AP+ tissues.
Warm-season grasses have non-lignified cell types, i.e.,
do not show a histochemical reaction for lignin with AP or
CS, but nonetheless resist biodegradation. An example is
shown for bermudagrass leaf blade in which the pbs and a
portion of the epidermis is not degraded (Fig. 1b). It is
worth repeating here that grasses, and particularly warm-
season species, have high levels of ester-linked p-coumaric
and ferulic within the cell walls [30, 40]. Use of diazotized
sulfanilic acid indicates phenolic compounds in non-ligni-
fied, but still non-biodegradable, cell walls [39]. The posi-
tive histochemical reactions of pbs and epidermis in leaf
and parenchyma in stem with diazotized sulfanilic acid sug-
gest a prominent role for these ester-linked phenolic acids
as a factor in the recalcitrance of grass lignocellulose [7].
Ultraviolet absorption micro-spectrophotometry (UV)
provided further information on aromatics in cell wall types
influencing biodegradation [6, 9, 41]. Examination of spe-
cific compounds, namely coniferyl lignin [56] and isolated
ferulic acid ester-linked to arabinose linked to xylose units
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(FAXX) and similar structures but with p-coumaric acid
(PAXX) [27], provided spectral information on specific
plant-related, aromatic compounds. Along with spectral
patterns of these individual compounds, spectral patterns in
specific cell wall types are shown in Fig. 2. A A max near
280 nm is typical for lignin (Fig.2a). In contrast, both
ester-linked phenolic acids show a bathochromic shift from
280 to a shoulder near 290 nm with 4 max near 320 nm.
The compounds FAXX and PAXX can be differentiated by
A max’s near 326 and 314 nm, respectively (Fig. 2b). With
absorbance for these compounds and compositional data on
aromatic compounds in grasses, information was obtained
from individual cell types and related to biodegradation and
recalcitrance. Mestome sheaths of grasses all show promi-
nent absorbances near 280 nm and near 320 nm (Fig. 2c).
This suggests the presence of lignin and phenolic acid
esters within these highly lignified (as shown with AP),
non-degradable cell walls.

Parenchyma bundle sheaths are a prominent part of the
Kranz anatomy of warm-season grasses and the C-4 dicar-
boxylic acid pathway of CO, fixation [54]. These cell walls
show a UV spectral pattern identical to phenolic acid esters,
suggesting little or no polymeric lignin but the presence of
phenolic esters (Fig. 2c). The slow to partial degradation
pattern of pbs in Coastal bermudagrass (Fig. 1b) coincides
with the presence of phenolic acid esters. Further evidence
of the presence of phenolic acid esters within cell types is
shown by treating leaf blades with increasing concentra-
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Fig.2 UV absorption micro-spectrometry of aromatic compounds
and cell walls of bermudagrass leaf blade. a Synthesized coniferyl lig-
nin with a 4 max near 280 nm and no absorbance beyond. b Isolated
phenolic acid esters from bermudagrass. FAXX is ferulic acid esteri-
fied to arabinose and two connected xylose moieties. PAXX is similar
to the compound above but with p-coumaric acid. These esters have a
shoulder near 290 nm and a 4 max near 326 nm for FAXX and 314 nm

2854.0 278.0 nm 302.0

326.0 350.0

for PAXX. ¢ Spectral patterns of cell walls in Coastal bermudagrass
leaf blade: MS mestome sheath, S sclerenchyma, B parenchyma bundle
sheath, E epidermis, P phloem, and M mesophyll. d Mestome sheath
untreated and treated with 0.1 and 1 M NaOH showing preservation of
UV absorbance near 280 nm but loss of absorbance near 320 nm. e
Parenchyma bundle sheath showing loss of UV absorbance with 0.1
and 1.0 M NaOH. Adapted from Akin et al. [6], Akin and Hartley [9]
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tions of NaOH, which breaks ester bonds [10]. In mestome
sheaths, absorbance near 320 nm but not 280 nm is reduced
(Fig 2d), suggesting that lignin remains, while phenolic
acid esters are at least partially removed. In contrast, all UV
absorption in the pbs is removed with alkali treatment
(Fig. 2e), further supporting the idea that these esters exist
as a barrier to biodegradation of these cell types.

Variation in this pattern of degradation exists for highly
digestible cool-season grasses such as orchardgrass. While
the lignified mestome sheath is not degraded in either ber-
mudagrass or orchardgrass (Figs. 1b, 3a), the pbs in
orchardgrass, in contrast to that in bermudagrass, is rapidly
and completely degraded (Fig. 3a), even by the mildly fibr-
olytic rumen protozoa (Fig. 3b, ¢) [2, D. E. Akin and L. L.
Rigsby, unpublished data]. In UV absorption spectra com-
paring bermudagrass and orchardgrass, the non-degraded
mestome sheaths have similar UV absorption patterns,
showing both lignified and esterified phenolic compounds
[11]. In contrast, no UV absorption occurs in orchardgrass
pbs. Rapid and complete degradation of the pbs, along with
the lack of aromatics in the pbs shown by histochemical
stains and UV absorption, further suggest the role of pheno-
lic acid esters as a barrier to degradation in warm season
grasses and that variations exist among grasses. Other work
has shown that growth of fermentative rumen bacteria is
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Fig. 3 Degradation of cell types in cool season leaf blade. a Scanning
electron micrograph of orchardgrass leaf blade degraded with rumen
micro-organisms showing resistant of lignified vascular bundle but to-
tal degradation of mesophyll, parenchyma bundle sheath (pbs), and
epidermis. b Scanning electron micrograph of a leaf blade degraded by
the weakly fibrolytic rumen protozoa, which are buried within the tis-
sues. ¢ Transmission electron micrograph of leaf blade showing partial
degradation, separation and ingestion of a parenchyma bundle sheath
cell wall by a protozoan. d UV absorption micro-spectrometry compar-
ing the spectra of the non-degradable mestome sheath of Coastal ber-
mudagrass (CBG) and orchargrass (OG). Both grasses have a 4 max

@ Springer

ABSORBANCE

limited when sugars are ester-linked to feruloyl and p-cou-
maroyl groups [12].

With the important attribute of esterified phenolic acids
in non-lignified but undegraded grass cell walls, strategies
to influence these compounds could be used to improve cell
wall degradation. Some non-chemical means of removing
or modifying phenolic acid esters and other aromatics have
been evaluated in tissues to improve biodegradation [20].

Biological strategies to overcome recalcitrance
Pretreatment with lignin-degrading fungi

While chemical pretreatment has been proposed mostly to
delignify lignocelluloses for improved bioconversion, there
are other, environmentally friendly possibilities. White-rot
fungi are recognized as the most active lignin-degrading
micro-organisms [34]. Oxidative enzymes produced by the
fungi, along with catalysts, produce free radicals in the aro-
matic moieties, which result in degradation of aromatic
compounds. Well-publicized oxidative enzymes from white
rot white include: laccases, manganese peroxidase, and lig-
nin peroxidase. At least one of these enzymes, laccase with
an activator, is commercially available.
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near 280 nm and a strong absorption near 320 nm, suggesting a ligni-
fied cell wall with esterified phenolic compounds. f UV absorption mi-
cro-spectrometry comparing the spectra of the parenchyma bundle
sheath (pbs) of Coastal bermudagrass (CBG) and orchargrass (OG).
The cell wall of a non-degraded pbs of CBG shows a strong absorption
with a spectrum identical to that of phenolic acid esters, while the non-
degraded cell wall of OG pbs, which is rapidly and completely degrad-
ed, has little to no UV absorption, indicating the absence of phenolic
acid esters. From Amos and Akin [19], Akin and Amos [2], Akin and
Rigsby [11]
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A variety of white-rot fungi occurs in nature. They are
recognized by large, colored fruiting bodies on dead and
decaying trees (Fig. 4). Mycelia penetrate the woody cells,
release a variety of enzymes, and produce a white deligni-
fied material. The ability of white rot fungi to delignify
woody materials has been known for some time. Activities
differ among genera and species and with various fungi-
substrate combinations. The common pattern of attack on
lignocellulose by these fungi is a simultaneous decay of
polysaccharides (i.e., cellulose and hemicellulose) and lig-
nin [34]. Patterns of decay and degrees of delignification,
however, vary among species and even strains. Some spe-
cies have the ability to selectively delignify plant material
and leave a cellulose-rich residue [24]. Such a characteristic
could be useful in providing an unprotected carbohydrate
for subsequent use, e.g., animal feed or biofuel substrate.
Toward this end, studies have been undertaken using differ-
ent white-rot fungal species to improve forage utilization,
but with mixed results [46]. Several species of white-rot
fungi, emphasizing cellulase-less mutants and species

Fig. 4 Examples of fruiting
bodies of white rot fungi on
decaying woody material. White
rot fungi are the most effective
microbial degraders of lignin,
producing mycelia that penetrate
plant cell walls and degrade var-
ious components

reported to lack cellulase were evaluated to selectively
attack lignin [13].

Data in Table 2 review results obtained with four white-
rot fungi having different capablilities. Phanerochaete
chrysosporium is a well-studied white-rot fungus that non-
selectively attacks cell wall components, i.e., lignin and
carbohydrates [34]. A mutant developed from this fungus,
i.e., 3,113, reportedly lacks cellulase. Phellinus pini RAB-
83-19 is reported to selectively degrade birch and pine
wood [52]. Ceriporiopsis subvermispora lacks cellulase,
produces manganese peroxide and laccase, and selectively
delignifies several wood species [1]. Prior to our work, this
fungus had not been evaluated for improvement of grass
lignocellulose. Our data indicated that C. subvermispora
was better able to attack the aromatics in bermudagrass and
improved the utilization of pretreated residue over
untreated material or residues pretreated by the other fungi
tested [13]. C. subvermispora removed lignin units, prefer-
entially attacking guaiacyl units over syringyl units, as well
as ester-linked phenolic acids from unlignified cell walls,

Table 2 Influence of pretreatment with species of white rot fungi on bioconversion of plant lignocellulose

Characteristics of pretreated lignocellulose

Residual aromatics

Bioconversion potentiald

Fungus 1 M NaOH (mg g1 4 M NaOH (mg g1 DW loss (%) VFA produced
(pmoles ml™h

Untreated 13.0 22.9 34.9 479

P. chrysosporium K-3* 7.1 18.9 46.9 63.8

P. chrysosporium m. 3113 11.9 25.0 23.8 43.9

Ph. pini RAB-83-19° 9.5 223 353 68.5

C. subvermispora 90031-sp° 53 17.8 63.9 85.9

% Phanerochaete chrysosporium is a well-known and studied white rot fungus that produces cellulases, hemicellulases, and lignin-degrading en-
zymes. M. 3113 is a cellulase-less mutant developed from P. chrysosporium K-3

Y Phellinus pini reportedly selectively degrades some woody materials [52]

¢ Ceriporiopsis subvermispora is a white rot fungus that does not produce cellulase

d Dry weight (DW) loss if a measure of degradability. Volatile fatty acids (C-2 through C-6) are a measure of fermentability
Adapted from Akin et al. [13]
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e.g., the pbs of bermudagrass (Table 2). Selective delignifi-
cation of the middle lamella of stem parenchyma, while
leaving the secondary wall, is shown in Fig. 5a, b. A more
highly lignified structure, the sclerenchyma ring of stems
(Fig. 1d), is also delignified and made available to subse-
quent bacterial degradation (Fig. 5c, d). That lignin is
indeed selectively removed from these cell walls as shown
by UV absorption spectra of untreated and fungal-treated
cell walls (Fig. Se, f).

A series of other white rot fungi and forage materials was
evaluated in an expanded study [15]. Activity varied with
the fungus, plant material, and the interaction of fungus and
substrate. Two strains of C. subvermispora, i.e., CZ-3-8497
and FP-90031-sp, and Cyathus stercoreus were particularly
effective in removing aromatics, especially ester-linked phe-
nolic acids, and improving biodegradability.

The effectiveness of delignification by white rot fungi
has been employed for several practical applications,
including biopulping and improved forage quality. Little,
however, seems to have done with white rot fungi for bio-
energy. Keller et al. [46] reported preliminary results of a
three- to fivefold increase in cellulose digestibility of corn
stover after pretreatment with C. stercoreus and a ten- to
100-fold reduction in shear force after treatment with P.
chrysosporium. In protocols for white rot fungi and deligni-
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Fig. 5 Effect of pretreatment of bermudagrass stem with the white rot
fungus Ceriporiopsis subvermispora. a Non-degraded, control paren-
chyma cell wall of stem showing intact middle lamella and secondary
cell wall. b Stem parenchyma incubated with C. subvermispora show-
ing loss of middle lamella but residue of secondary cell wall. ¢ Heavily
lignified sclerenchyma cell walls not treated by fungus but incubated
with fibrolytic rumen micro-organisms showing resistance to degrada-
tion of cell walls. d Sclerenchyma cell walls pretreated with C. subver-
mispora and then incubated with fibrolytic micro-organisms showing
bacterial degradation of middle lamellae and secondary wall material.
e UV absorption spectra of stem parenchyma untreated (—) and incu-
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fication of biofuel resources, appropriate choices of fungi
and substrates are required to optimize activity. Various
strains of C. subvermispora are particularly effective at
selectively removing lignin, leaving the cellulose for fur-
ther uses. Therefore, C. subvermispora appears to be a
good starting point for pretreating biofuels.

Pretreatment with phenolic acid esterase

It is well established that ester-linked p-coumaric and feru-
lic acids are prevalent in grasses and their relatives. These
esters cause recalcitrance in non-lignified tissues and vary
among tissues as well as plants. Further, improvement in
biodegradation of forage grasses often involves changes or
removal of these esters. Warm-season grasses sought for
biofuels like corn, switchgrass, and bermudagrass generally
contain more of these esters than cool-season grasses [4]. A
corollary to the question of improvement of cell wall bio-
conversion with biological pretreatments is the fate of
released phenolic acids. Depending on amounts, phenolic
acids are toxic to micro-organisms and to enzymes [3, 25,
50, 55]. p-Coumaric acid is more toxic (effective at lower
levels) than ferulic acid. Phenolic acids that are released by
pretreatment, therefore, likely will require removal from
the system for optimal activity by the subsequent activity of
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bated with C. subvermispora (———). Untreated cell walls have a spec-

tral pattern indicative of ester-linked phenolic acids, whereas the
fungal treated cell walls have no aromatics as shown by the loss of UV
absorbance. f UV absorption spectra of lignified stem sclerenchyma:
secondary wall incubated with fibrolytic micro-organisms only (—)
and pretreated with C. subvermispora (— —); middle lamellae incu-
bated with fibrolytic micro-organisms only (- — —) and pretreated with
C. subvermispora (— ——). UV absorption does not occur after fungal
treatment indicating loss of aromatics from remaining cell wall mate-
rial. From Akin et al. [13]
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enzymes and microbes (i.e., saccharification and fermenta-
tion). Evidence is strong that ferulic acid would be a valu-
able co-product from grass substrates and is discussed later.

Interest in our laboratory on phenolic acid esterases was
initiated with discovery that anaerobic fungi within the
rumen attack and weaken lignified cell types (Fig. 5). This
activity appeared to be essential in certain feeding regimes
in Australia (i.e., low quality, sulfur-fertilized warm-season
grass) for animal growth [5]. Further work showed that
these fungi preferentially attached to certain lignified tis-
sues and were able to degrade lignified cell walls due to the
presence of very active phenolic acid esterases, cellulases,
and hemicellulases [26, 58]. A summary of work by Born-
eman indicates the ability of several isolates of anaerobic
fungi to release p-coumaric and ferulic acids from bermu-
dagrass cell walls [Table 3; 27].

With information on esterases and release of phenolic
acids from grasses, work was initiated using commercial
esterases to pretreat a series of potential warm-season grass
substrates for biofuel [17, 20]. Other work confirms the
value of cell-free ferulic acid esterases, along with hemicel-
lulases, in releasing ferulic acid from a variety of plant
materials [36, 47]. Our objective was twofold: to free car-
bohydrates for increased fermentation, and to release phe-
nolic acids, especially ferulic acid, as value-added co-
products. Initially, a series of studies with commercial
esterases was carried out with a variety of warm-season
grasses as potential biofuel sources. As expected, the use of
ferulic acid esterase alone (i.e., cloned and without other
cell wall-degrading enzymes) did not produce as high a bio-
degradation or as high a subsequent response to cellulase as
mixed enzymes (unpublished data). Depol 740 L and
TP692L, commercial mixtures containing ferulic acid ester-
ase and hemicellulases, were tested at various levels and
different conditions. Using dry weight loss as a marker for
activity, a protocol was developed as follows: high doses of
enzyme : substrate (1 g commercial product per 0.5g
ground substrate), incubation at pH 5.0 and 37°C with

Table 3 Phenolic acids released by different anaerobic fungi

Phenolic acids released from
bermudagrass cultivars (ug 100 mg™!)

Culture
filtrates® from:

p-Coumaric acid Ferulic acid

Neocallimastix MC-2 130 376
Piromyces MC-1 114 336
Anaeromyces PC-1 83 254
Orpinomyces PC-2 93 287
Orpinomyces PC-3 89 296

% Fungi were isolated from the rumen and characterized according to
taxonomic criteria [58]

Adapted from Borneman et al. [26]

esterase for 24 h, removal of liquid, and re-incubation in
cellulase at pH 5.0 and 37°C for 72 h. We found that a sin-
gle incubation cocktail of Depol 740, an additional hemi-
cellulase, and cellulase, were less effective for degradation
than incubation with Depol 740 followed by sequential
incubation with cellulase. The protocol was developed to
maximize the activity of the enzymes and not, at this point,
as the most cost efficient.

This protocol resulted in release of the simple sugars
(arabinose, xylose, mannose, galactose, and glucose) from
most all plant materials with each of the enzymes (i.e., phe-
nolic acid esterase and cellulase. Phenolic acids released
were virtually entirely p-coumaric and ferulic acids.
Although Depol 740 is promoted as a ferulic acid esterase,
substantial amounts of p-coumaric acid were also released,
depending on composition of the substrate as shown below.
Effective cellulose-to-ethanol protocols will require fer-
mentation of all sugars. Therefore, xylose and glucose are
reported as the predominant 5-carbon and 6-carbon sugars,
respectively.

Diverse samples have been evaluated with this protocol
(Table 4). In all samples, degradability by cellulase, as
shown by % dry weight loss, was substantially increased by
pretreatment with esterase. Esterase alone often released a
substantial amount of phenolic compounds and sugars, with
still more released with subsequent incubation with cellu-
lase. An example of this effect by separate enzymes is
shown in incubations of Tifton 85 bermudagrass leaf blades
(Table 4).

A comparison of corn stover fractions, the above ground
portion of the plant left after grain harvest, degraded by cel-
lulase is shown with and without esterase pretreatment
(Table 4). Dry weight loss and release of phenolic acids and
sugars all improved with esterase pretreatment, but varia-
tions occurred with different fractions. Corn leaf fractions
released the most glucose. Leaf sheath and stem pith
released more ferulic acid than other fractions. For stems,
the thinner-walled pith cells released more of all compo-
nents than the thicker-walled, heavily lignified rind tissues.
A second comparison was made of rind and pith tissues
from a commercial source of corn stover (Table 4). These
tissues were ground through a centrifugal mill to increase
surface area and improve release of compounds. The corn
stover source of these tissues was different from the previ-
ous ones, but results were similar in showing a higher level
of p-coumaric acid than ferulic acid in stems and greater
release with esterase treatment. These data indicate value in
selecting portions of corn stover to collect for fermentation,
leaving the least desirable fractions for the important attri-
butes of soil carbon and erosion protection [57].

The brans of cereals offer the richest source for phenolic
acids and can be released by enzymes from a variety of
sources, such as corn [35], wheat [22], and oat [60]. The
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Table 4 Dry weight loss, phenolic acids, xylose, and glucose from pretreatment of corn and bermdagrass lignocellulose plant components with

Depol 740 ferulic acid esterase and cellulase

Sample Enzyme Dry weight p-Coumaric Ferulic Xylose Glucose
treatment® loss (%) acid (mg g’l) acid (mg g’l) (mg gfl) (mg g’l)
Bermudagrass® B 20.1 £0.2 0.16 = 0.06 0.17 £ 0.02 05+03 0.6 £0.1
C 29.8 £0.7 0.19 +0.02 0.38 +0.02 8.0+0.38 17.8+£53
E NA 0.37 £0.03 0.69 £ 0.05 17.6 £2.1 75.7 £ 4.7
+C 472+£0.5 0.24 +0.05 0.33 +0.06 132+£2.0 65.6+1.2
E+C 47.2 0.61 1.02 30.8 141.3
Corn stover
Leaf blade C 409 £ 0.4 0.14 £ 0.02 0.33 +0.07 8.0+ 0.7 53.0+20.1
E+C 61.8 £ 1.0 0.31 £ 0.06 0.58 £ 0.03 36.7£3.5 125.0 £ 6.3
Leaf sheath C 471+£13 0.09 +0.01 0.35+0.02 11.1+0.2 1253 £99.1
E+C 62.7 £ 1.8 0.52 £0.01 0.82 £ 0.03 39.0£5.8 180.9 £ 11.8
Stem rind 1 C 164 £ 1.0 023 £0.14 0.10 4+ 0.05 104 £ 0.6 392428
E+C 205+ 1.1 0.75 £ 0.04 0.39 £ 0.02 148 £ 1.8 345+£22
Stem pith 1 C 16.7+0.7 0.26 £ 0.15 0.22+0.11 23.0+0.7 68.6+ 1.5
E+C 28.8 £0.7 0.95 +£0.03 0.87£0.3 340+£3.1 83.8+ 154
Stem rind 2° C 250+ 0.4 0.55 +0.16 0.22 4 0.08 10.7+1.8 5254132
E+C 29.7+1.9 1.39+£0.3 0.30£0.13 22.5£0.02 94.1£2.1
Stem pith 2° C 416 £1.8 0.58 £ 0.26 0.33+0.17 202 +7.7 105.9 +36.2
E+C 50.1 +3.0 1.90 + 0.28 0.61 4 0.09 49.6 £4.2 1645 £5.6
Corn kernel fiber B 7.1£0.1 0.03 £0.01 0.03 £0.01 0 0
C 26.5+0.7 0.04 +0.01 0.05 4 0.02 26+04 36.7+£29.0
E+C 482+09 0.23 £ 0.03 2.7£02c 82+1.6 159.2 £3.0
E+C¢ 569+ 0.4 0.28 +0.01 3.5+0.1b 12.1+0.9 187.4 £24.9

# B buffer only 72 h, C cellulase only 72 h, E ferulic acid esterase (Depol 740L) 24 h, E + C sum of esterase followed by cellulase

® Tifton 85 bermudagrass blade

¢ Commercial corn stover hand-separated into rind and pith and ground through a Wiley mill with a 10 mesh and then 20 mesh screen and then

ground through a centrifugal mill with a 0.8 mesh screen
4 Ball-milled for a finer grind than other previous sample
Adapted from Akin et al. [17]

general structure of cereal grains is well known [14]. While
the pericarp is more heavily lignified than other tissues,
ester-linked phenolic acids predominate as the aromatic
compounds in the aleurone layers. Corn fiber (i.e., the bran
of the corn kernel that contains lignocellulose components)
responded extremely well to ferulic acid esterase pretreat-
ment [D. E. Akin and L. L. Rigsby, unpublished data]; giv-
ing the highest level of ferulic acid of substrates we tested
(Table 4). Phenolic acid esterase extensively degraded the
aleurone layer of corn fiber, but little structural change
occurred in the pericarp. Relatively low levels of p-couma-
ric acid were released as low-amounts occur in corn fiber
(less that 10% of phenolic acids analyzed by NaOH extrac-
tion). Grinding to finer particle sizes, using a laboratory
ball-mill, led to high values for all parameters evaluated in
this study, showing particularly high levels of ferulic acid
and glucose (Table 4).

The use of esterases to release phenolic acids into the
filtrate offers the possibility of a value-added co-product in

@ Springer

processes of grass lignocellulose for bioconversion to etha-
nol. Since the phenolic acids are toxic to microbes and
enzymes, the separation and collection of phenolic acids
released by esterases may be necessary to optimize subse-
quent saccharification of pretreated materials. As an inhibi-
tor of microbial growth and enzyme activity, these acids
(especially p-coumaric acid) may have value as natural
compounds for pest control [23]. Other potential uses for
ferulic acid are a substrate for vanillin production, UV pro-
tection in cosmetics, and food antioxidants [37]. Future
work should focus on the optimal enzyme cocktail (e.g.,
inclusion of appropriate hemicellulases), optimal sub-
strates, physical treatments, and incubation conditions for
the most cost efficient pretreatment system.

Plant breeding

Plant breeding to remove aromatics can result in plants
extremely susceptible to pathogens and harsh conditions.
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An extensive breeding program has existed for over
70 years in by ARS-USDA in Tifton, Georgia, and has
been effective in producing sustainable new varieties of
grasses, notably bermudagrasses, with improved biode-
gradability [38]. In many of these varieties, the improved
biodegradability is related to lowered levels of aromatics.
One notable example is Coastcross 1 bermudagrass (CC I)
[28]. A study was conducted on CC 1 and one of the par-
ents in the cross, namely Coastal bermudagrass (CBG) that
is extensively grown as forage in the southern USA.

In direct comparison of the biodegradation of specific cell
wall types, CC I was significantly higher in rate and extent of
biodegradation compared with CBG (Table 5) [6]. Light and
transmission electron micrographs of cell walls degraded by
rumen bacteria indicated that non-lignified cell walls in CC 1,
while identical in structure to those in CBG, are considerably
more biodegradable than those of CBG. UV absorption stud-
ies (Table 5) showed the mestome sheath cells, recalcitrant
to biodegradation in both cultivars, had similar spectra. In
contrast, pbs had less UV absorbance indicative of lower lev-
els of phenolic acid esters in CC I, indicating that reduced
levels of these compounds was at least one factor responsible
for improved cell wall degradation.

Ferulic acid linkages between lignin and cell wall poly-
saccharides impede microbial break down of cell walls

[44]. In the highly digestible bermudagrass Tifton 85 [29,
43], the ratio of ether- to ester-linked phenolic acids has
been lowered, resulting in improved bioconversion [48,
49]. This work showed that Tifton 85 had higher neutral
detergent fiber (NDF—an indication of total fiber content)
and acid detergent fiber (ADF—an indication of lignified
fiber) than Coastal bermudagrass, but both of these frac-
tions had higher digestibility in Tifton 85. Although ester-
linked ferulic acid levels were similar for 3- and 6-week old
Tifton 85 (11.6 and 10.0 gkg™!) and Coastal (10.6 and
10.6 gkg™"), the ether-linked ferulic acid was lower for
Tifton 85 (6.2 and 4.9 g kg™") than for Coastal (8.1 and
7.6 gkg™") [49]. In a similar study, Hatfield et al. [42] con-
cluded the higher digestibility of Tifton 85 over Coastal
bermudagrass was due to lower levels of lignin and cross-
linked polysaccharides arising from lower amounts of
ether-linked ferulates.

When bermudagrasses are pretreated with ferulic acid
esterase and cellulase, both ferulic acid and p-coumaric
acids are released. Although one study did not indicate sig-
nificant differences in amounts of phenolic acids between
genotypes (Table 6) [20], a second study supported the idea
that Tifton 85 has higher ester linked phenolic acids than
either Coastal or Coastcross II (CCII) (Table 7) [21]. Coast-
cross II is a mutant strain of Coastcross I and has been

Table 5 Comparison of cell

a a,b a
wall biodegradability and chem- Leaf dry wt. loss Area of pbs UV Absorbance
ical composition of Coastal ver- iy, 24h  38h  72h  after24h Parenchyma. Mestome
sus Coastcross 1 bermudagrass bundle sheath sheath

% pm? A max A 2 max A
# Different letters within a col- Coastal 24a 36a 42a 350a 291 1.2a 285 1.8
umn indicate significant differ- 318 13a 318 1.8
ences between cultivars Coastcross T~ 34b 49b 57b 196b 291 0.8b 288 2.0
(P <0.05)
322 0.9b 321 1.9

Adapted from Akin et al. [6]

Table 6 Percent dry weight (DW) loss, ferulic acid and free sugars released in filtrate after pretreatments with commercial esterase and cellulase
and % in vitro dry matter digestibilities (/VDMD) using rumen fluids for bermudagrass genotypes at 4 and 8 weeks of age

Genotype Age® % DW loss Ferulic Acid Glucose IVDMD-Leaf IVDMD-stem
(weeks) (mg g™ (mg g™
Coastal 4 385+£04 1.1£03 87.1 £6.7 46.01 46.18
Coastal 8 409 +£0.2 0.9+0.2 107.4 +£4.2 39.75 49.25
Tifton 85 4 49.7 £ 0.5 1.3£00 84.0 £13.3 58.53 58.74
Tifton 85 8 422+ 0.6 0.8 +0.2 113.1+£2.7 54.84 50.17
Tifton 44 4 384 £04 0.8£0.3 87.8 £1.8 50.43 53.61
Tifton 44 8 343+04 0.8 +0.1 80.3 £ 0.9 51.62 45.21
CCIl 4 455+ 0.9 0.2+0.1 111.7+£9.6 58.44 53.86
ccll 8 36.4 £ 0.0 1.0£0.1 116.7 £ 2.4 51.96 43.27

? Plant age in weeks of regrowth

® Values are the sum of subsequent incubations with esterase for 24 h and then cellulase for 72 h

Adapted from Anderson et al. [20]
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Table 7 Percent dry weight (DW) loss, ferulic acid, para-coumaric acid and free sugars released in filtrate after pretreatments with commercial

esterase and cellulase for bermudagrass genotypes at 4 weeks of age

Genotype % DW loss Ferulic acid P-Coumaric Xylose Glucose
(mgg™h) acid (mg g™) (mgg™") (mgg™")
Coastal 33.1cd 0.44 £+ 0.04 0.31 £0.01 4.7+0.1 84.0 £4.7
Tifton 85 41.8a 0.64 4 0.02 0.46 £ 0.01 92+04 1122 4+2.0
Tifton 44 32.2d 0.51 £0.11 0.37 £ 0.04 55£25 78.5£3.8
CCII 38.5b 0.44 4 0.03 0.30 £ 0.01 6.1+0.1 112.9 + 4.1

Values are the sum of subsequent incubations with esterase for 24 h and then cellulase for 72 h

Adapted from Anderson et al. [21]

shown to be essentially the same in phenotype and geno-
type as Coastcross I (unpublished data). The Coastcross
lines and Tifton 85 have consistently been similar and supe-
rior to Coastal bermudagrass in forage digestibility. The
data also suggest this superior forage quality translates into
higher conversion efficiency to sugars (Tables 6, 7) and
ultimately to ethanol (Table 8).

Different genes, however, appear to determine the reduc-
tion of recalcitrance for these two bermudagrass cultivars.
The Coastcross lines have lower levels of phenolic acid
esters than Coastal, while Tifton 85 appears for have more
ester-linked phenolic acids that are more easily released
with esterases. The parents of the two cultivars are geneti-
cally dissimilar [28, 29], which is substantiated by molecu-
lar diversity data from amplified fragment-length
polymorphisms (AFLP) analysis (unpublished).

Vogel and Jung [59] stated the importance of modifying
plants for the use as a feedstock for biofuels. In addition to
cellulose and lignin concentration changes, other traits that
effect recalcitrance should be determined. From data pre-
sented on bermudagrass, it appears there is potential of
increasing conversion efficiency to ethanol and isolating
co-products through breeding of germplasm with different
genes. Casler and Jung [32] found that breeding for
improved digestibility is often accompanied by changes in
lignin and levels of and linkages of phenolics in three

Table 8 Ethanol production and pentose residue of bermudagrass and
switchgrass after dilute acid hydrolysis and simultaneous saccharifica-
tion and fermentation (SSF)

Entry Ethanol Pentose
production (mg g~ 1) (mgg™h
Tifton 85 159.7a 182.8¢
Coastcross 11 156.5a 198.8b
Coastal 145.9b 171.0d
Switchgrass 116.2¢ 206.3a

Means with the same letter within a column are not significantly differ-
ent (P < 0.05)

Courteously supplied by Bruce Dien (USDA-ARS, Peoria, IL, USA)

@ Springer

perennial grass species. They suggest different strategies
for selection for increased digestibility because of high
correlations between neutral detergent fiber (NDF) and
etherified ferulic acid. Switchgrass has been bred and
selected for both high and low rumen digestibilities [31].
Sarath etal. (personal communication) investigated the
alterations of the cell wall composition of selected plants
within these populations. Other than a clear correlation
between stem lignin and digestibility, plants varied greatly
in the amounts of ester and ether linked phenolic acids, as
well as guaiacyl and syringyl lignin within low and high
lignin selections. They concluded that both the total lignin
content as well as the extent of cross-linking will impact
the DMD of plant tissues and influence the utility of spe-
cific genotypes as biofuel feedstocks. They also conclude
the data indicates that levels of both pCA and FA had been
significantly altered through selection for DMD at the
whole plant level and suggest the potential to selectively
breed for enzymatic release of each phenolic acid sepa-
rately.

Increased knowledge of the genetic differences of cell
wall components among specific cell types and among
diverse grass germplasm is necessary to determine specific
genes of interest. Together with the development of molec-
ular maps associated with these traits for marker assisted
selection (MAS), methods can be provided for genetic
improvement of biomass species. Along with knowledge of
genetic modifications, specific responses to bioconversion
of individual cell wall types are required. Such information,
derived from histochemical, microscopic, and micro-spec-
troscopic means, identify the cell wall modifications that
actually affect cell wall bioconversion. It is clear from data
presented above that tissues vary in bioconversion. Slight
changes in highly lignified, recalcitrant cell walls may not
result in improved bioconversion, whereas changes in non-
lignified cell walls could substantially increase the avail-
ability of substrates, thus enhancing release of sugars and
co-products. The challenge is to modify cell walls to opti-
mize their potential as substrates in the cellulose-to-ethanol
biorefinery.



J Ind Microbiol Biotechnol (2008) 35:355-366

365

Acknowledgments The author of this review is indebted to many
colleagues who undertook major parts of this the work or had a signifi-
cant influence on the data and interpretations: (Russell Research Cen-
ter) Roy D. Hartley for chemistry of cell walls, W. H. Morrison III for
chemical analyses, W. S. Borneman for esterase studies, F. E. Barton
II and D. S. Himmelsbach for spectroscopy and chemistry of fibers,
and L. L. Rigsby for excellent technical support; (University of Geor-
gia) K.-E. L. Eriksson for contributions on white-rot fungi, and L. G.
Ljungdahl for contributions on enzymes; D. Wubah for work on anaer-
obic fungi; (ARS-USDA, Peoria, IL, and the University of Georgia) B.
S. Dien and J. D. Peterson for ethanol conversion analyses; (ARS-US-
DA, Tifton, GA, USA) W. W. Hanna for work on bermudagrasses.
Mention of trade names does not constitute an endorsement of one
commercial product over another but is used only for identification
purposes.

References

1. Akhtar M, Attridge MC, Myers GC, Kirk TK, Blanchette RA (1992)
Biochemical pulping of loblolly pine with different strains of the
white-rot fungus Ceriporiopsis subvermispora. TAPPI 75:105-109

2. Akin DE, Amos HE (1979) Mode of attack on orchardgrass leaf
blades by rumen protozoa. Appl Environ Microbiol 37(2):332—
338

3. Akin DE (1982) Forage cell wall degradation of orchardgrass leaf
blades by rumen and sinapic acids. Agron J 74:424-428

4. Akin DE, Chesson A (1989) Lignification as the major factor lim-
iting forage feeding value especially in warm condition. Proc Int
Grassl Congr 16:1753-1760

5. Akin DE, Gordon GLR, Hogan JP (1983) Rumen bacterial and
fungal degradation of Digitaria pentzii grown with or without sul-
fur. Appl Environ Microbiol 46(3):738-748

6. Akin DE, Ames-Gottfred N, Hartley RD, Fulcher RG, Rigsby LL
(1990) Microspectrophotometry of phenolic compounds in bermu-
dagrass cell walls in relation to rumen microbial digestion. Crop
Sci 30:396-401

7. Akin DE, Hartley RD, Morrison WH III, Himmelsbach DS (1990)
Diazonium compounds localize grass cell wall phenolics: relation
to wall digestibility. Crop Sci 30:985-989

8. Akin DE, Ljungdahl LG, Wilson JR, Harris PJ (eds) (1990c).
Microbial and plant opportunities to improve lignocellulose utili-
zation by ruminants. Elsevier Science Publishing Co., New York

9. Akin DE, Hartley RD (1992) UV absorption microspectrophotom-
etry and digestibility of cell types of bermudagrass internodes at
different stages of maturity. J Sci Food Agric 59:437-447

10. Akin DE, Hartley RD (1992) Microspectrophotometry and digest-
ibility of alkali-treated walls in bermudagrass cell types. Crop Sci
32:1116-1122

11. Akin DE, Rigsby LL (1992) Scanning electron microscopy and
ultraviolet absorption microspectrophotometry of plant cell types
of different biodegradabilities. Food Struct 11:259-271

12. Akin DE, Borneman WS, Rigsby LL, Martin SA (1993) p-Couma-
royl and feruloyl arabinoxylans from plant cell walls as substrates
for rumen bacteria. Appl Environ Microbiol 59:644-647

13. Akin DE, Sethuraman A, Morrison WHIII, Martin SA, Eriksson K-
EL (1993) Microbial delignification using white rot fungi improves
forage digestibility. Appl Environ Microbiol 59:4274-4282

14. Akin DE (1995) Microspectrophotometric characterization of aro-
matic constituents in cell walls of hard and soft wheats. J Sci Food
Agric 68:207-214

15. Akin DE, Morrison WH III, Rigsby LL, Gamble GR, Sethuramen
A, Eriksson K-EL (1996) Biological delignification of plant com-
ponents by the white rot fungi Ceriporiopsis subvermispora and
Cyathus stercoreus. Anim Feed Sci Technol 63:305-321

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

217.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Akin DE, Rigsby LL, Morrison WH III (2004) Oil Red as a histo-
chemical stain for natural fibers and plant cuticle. Industr Crops
Prod 19:119-124

Akin DE, Morrison WH 111, Rigsby LL, Barton FE II, Himmels-
bach DS, Hicks KB (2006) Corn stover fractions and bioenergy:
chemical composition, structure, and response to enzyme pretreat-
ment. Appl Biochem Biotechnol 129-132:104-116

Akin DE (2007) Grass lignocellulose: strategies to overcome
recalcitrance. Appl Biochem Biotechnol 136-140:3-15

Amos HE, Akin DE (1978) Rumen protozoal degradation of struc-
tural intact forage tissues. Appl Environ Microbiol 36:513-522
Anderson WF, Peterson J, Akin DE, Morrison WH III (2005) En-
zyme pretreatment of grass lignocellulose for potential high-value
co-products and an improved fermentable substrate. Appl Bio-
chem Biotechnol 121-124:303-310

Anderson WF, Dien BS, Brandon SK, Peterson JD (2007) Assess-
ment of bermudagrass and bunch grasses as feedstock for conver-
sion to ethanol. Appl Biochem Biotechnol. doi:10.1007/s12010-
007-8041-y

Bartolomé B, Faulds CB, Tuohy M, Hazlewood GP, Gilbert HJ,
Williamson G (1995) Influence of different xylanases on the activ-
ity of ferulic acid esterase on wheat bran. Biotechnol Appl Bio-
chem 22:65-73

Beekrum S, Govinden R, Padayachee T, Odhav B (2003) Natu-
rally occurring phenols: a detoxification strategy for fumonsin B,.
Food Additives Contaminants 20:490-493

Blanchette RA, Burnes TA, Leatham GF, Effland MJ (1988)
Selection of white-rot fungi for biopulping. Biomass 15:93-101
Borneman WS, Akin DE, VanEseltine WP (1986) The effect of
phenolic monomers on ruminal bacteria. Appl Environ Microbiol
52:1331-1339

Borneman WS, Hartley RD, Morrison WH, Akin DE, Ljungdahl
LG (1990) Feruloyl and p-coumaroy] esterase from anaerobic fun-
gi in relation to plant cell wall degradation. Appl Environ Micro-
biol 33:345-351

Borneman WS, Ljungdahl LG, Hartley RD, Akin DE (1991) Iso-
lation and Characterization of p-Coumaroyl Esterase from the
Anaerobic Fungus Neocallimastix Strain MC-2. Appl Environ
Microbiol 57:2337-2344

Burton GW (1972) Registration of coastcross-1 bermudagrass.
Crop Sci 12:125

Burton GW, Gates RN, Hill GM (1993) Registration of Tifton 85
bermudagrass. Crop Sci 33:644-645

Carpita NC (1996) Structure and biogenesis of the cell walls of
grasses. Ann Rev Plant Physiol Plant Mol Biol 47:445-476
Casler MD, Buxton DR, Vogel KP (2002) Genetic modification of
lignin concentration affects fitness of perennial herbaceous plants.
Theor Appl Genet 104:127-131

Casler MD, Jung HJG (2006) Relationships of fibre, lignin, and
phenolics to in vitro fibre digestibility in three perennial grasses.
Ani Feed Sci Technol 125:151-161

Clark G (1981) Staining Procedures. 4th edn. Biological Stain
Commission, Williams and Wilkins, Baltimore

Eriksson K-EL, Blanchette RA, Ander P (1990) Microbial and
enzymatic degradation of wood and wood components. Springer,
New York

Faulds CB, Kroon PA, Saulnier L, Thibault J-F, Williamson G
(1995) Release of ferulic acid from maize bran and derived oligo-
saccharides by Aspergillus niger esterases. Carbohy Polym
27:187-190

Faulds CB, Zanichelli D, Crepin VF, Connerton IF, Juge N, Bhat
MK, Waldron KW (2003) Specfificity of feruloyl esterases for wa-
ter-extractable and water-unextractable feruloylated polysaccha-
rides: influence of xylanase. J Cer Sci 38:281-288

Graf E (1992) Antioxidant potential of ferulic acid. Free Radical
Biol Med 13:435-448

@ Springer


http://dx.doi.org/10.1007/s12010-007-8041-y
http://dx.doi.org/10.1007/s12010-007-8041-y

366

J Ind Microbiol Biotechnol (2008) 35:355-366

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

Hanna WW, Gates RN (1990) Plant breeding to improve forage
utilization. In: Akin DE, Ljungdahl LG, Wilson JR, Harris PJ (eds)
Microbial and plant opportunities to improve lignocellulose utili-
zation by ruminants. Elsevier Science Publishing Co., New York,
pp 197-204

Harris PJ, Hartley RD, Barton GE (1982) Evaluation of stabilized
diazoniu salts for the detection of phenolic constitutents of plant
cell walls. J Sci Food Agric 33:516-520

Hartley RD, Ford CW (1989) Phenolic Constituents of plant cell
walls and wal biodegradability. In: Lewis NG, Paice MG (eds)
Plant cell wall polymers: biogenesis and biodegradation. Ameri-
can Chemical Society, Washington, DC, pp 137-145

Hartley RD, Akin DE, Himmelsbach DS, Beach DC (1990)
Microspectrophotometry of bermudagrass (Cynodon dactylon)
cell walls in relation to lignification and wall biodegradability. J
Sci Food Agric 50:179-189

Hatfield RD, Mandebvu P, West J (1997) A comparison of Tifton
85 and Coastal bermudagrass cell walls. Annual research sum-
mary. US Dairy Forage Res Ctr Madison, WI

Hill GM, Gates RN, West JW, Watson RS, Mullinix BG (2001)
Coastal and Tifton 85 hay digestion by steers: I. Cultivar and matu-
rity effects. J Anim Sci 79:235

Jung HG, Allen MS (1995) Characteristics of plant cell walls
affecting intake and digestibility of forages by ruminants. J Animal
Sci 73:2774-2790

Jung H-JG, Valdez FR, Abad AR, Blanchette RA, Hatfield RD
(1992) Effect of white rot basidiomycetes on chemical composi-
tion and in vitro digestibility of oat straw and alfalfa stems. J Anim
Sci 70:1928-1935

Keller FA, Hamilton JE, Nguyen QA (2003) Microbial pretreat-
ment of biomass: potential for reducing severity of thermochemi-
cal biomass pretreatment. Appl Biochem Biotech 105-108:27-41
Lazlo JA, Compton DL, Li X-L (2006) Feruloyl esterase hydroly-
sis and recovery of ferulic acid from jojoba meal. Ind Crops Prod
23:46-53

Mandedebvu P, West JW, Froetschel MA, Hatfield RD, Gates RN,
Hill GM (1999) Effect of enzyme or microbial treatment of bermu-
dagrass forages before ensiling on cell wall composition, end
products of silage fermentation and in situ digestion kinetics. Ani
Feed Sci and Tech 77:317-329

@ Springer

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

Mandedebvu P, West JW, Hill GM, Gates RN, Hatfield RD, Mul-
linix BG, Parks AH, Caudle AB (1999) Comparison of Tifton 85
and Coastal bermudagrasses for yield, nutrient traits, intake, and
digestion by growing beef steers. J Anim Sci 77:1572-1586
Martin SA, Akin DE (1988) Effect of phenolic monomers on the
growth and f-glucosidase of Bacteroides ruminicola and on the
arboxymethylcellulase, -glucosidase, and xylanase from Bacte-
roides succinogenes. Appl Environ Microbiol 54:3019-3022
McMillan JD (1994) Pretreatment of lignocellulosic biomass. In:
Himmel ME, Baker JO, Overend RP (eds) Enzymatic conversion
of biomass for fuelsproduction. American Chemical Society,
Washington, DC, pp 292-324

Otjen L, Blanchette R, Effland M, Leathers G (1987) Assessment
of 30 white rot basidiomycetes for selective lignin degradation.
Holzforschung 41:343-349

Sarkanen KV, Ludwig CH (1971) Lignins: occurrence, formation,
structure, and Reactions. Wiley, New York, pp 1-18

Stern KR, Jansky S, Bidlack JE (2003) Introductory plant biology.
McGraw-Hill, New York, pp 183-184

Theodorou MK, Gascoyne DJ, Akin DE, Hartley RD (1987) Effect
of phenolic acids and phenolics from plant cell walls on rumenlike
fermentation in consecutive batch culture. Appl Environ Micro-
biol 53:1046-1050

Weymouth N, Dean JFD, Eriksson K-EL, Morrison WH III, Him-
melsbach DS, Hartley RD (1993) Synthesis and spectroscopic
characterization of p-hyroxyphenyl, guaiacyl and syringyl lignin
polymer models (DHPs). Nordic Pulp and Paper Res J No. 4:344—
349

Wilhelm WW, Johnson JMF, Hatfield JL, Voorhees WB, Linden
DR (2004) Crop and soil productivity response to corn residue re-
moval: a literature review. Agron J 96:1-17

Wubah DA, Akin DE, Borneman WS (1993) Biology, fiber-degra-
dation, and enzymology of anaerobic zoosporic fungi. Crit Rev
Microbiol 19:99-115

Vogel KP, Jung HIG (2001) Genetic modification of herbaceous
plants for feed and fuel. Crit Rev Plant Sci 20:15-49

Yu P, McKinnon JJ, Maenz DD, Racz VJ, Christensen DA (2005)
The specificity and the ability of Aspergillus feruloyl esterase to
release p-coumaric acid from complex cell walls of oat hulls. J
Chem Technol Biotechnol 79:729-733



	Structural and chemical properties of grass lignocelluloses related to conversion for biofuels
	Abstract
	Introduction
	Structural and chemical factors inXuencing recalcitrance in grass lignocellulose
	Biodegradation of speciWc tissue types

	Biological strategies to overcome recalcitrance
	Pretreatment with lignin-degrading fungi
	Pretreatment with phenolic acid esterase
	Plant breeding

	References




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (ISO Coated v2 300% \050ECI\051)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Perceptual
  /DetectBlends true
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org?)
  /PDFXTrapped /False

  /Description <<
    /ENU <>
    /DEU <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [5952.756 8418.897]
>> setpagedevice


